Carbon monoxide is the second most abundant molecule on icy grains in the interstellar medium. It also exists on Pluto, Triton, comets, and possibly in other icy bodies of the outer solar system like Kuiper Belt objects. With the intense radiation fields that permeate virtually all unprotected regions of space, carbon monoxide ices can be processed through energetic particle bombardment (planetary magnetospheric particles, solar wind, Galactic cosmic ray particles, and UV photons). In the present study we have investigated the effects by condensing a 1 m layer of carbon monoxide ice on a substrate at 10 K and irradiated the sample with energetic (keV) electrons. These simulate the energetic electrons trapped in magnetospheres of planets and reproduce the irradiation effects of typical Galactic cosmic ray particles. A series of new carbon-chain (C 3 , C 6 ) and carbon oxide species were observed including the linear isomers of C 2 O, C 3 O, C 4 O, C 5 O, C 6/7 O, CO 2 , C 3 O 2 , C 4 O 2 , and C 5 O 2 . A reaction model was proposed that outlines different reaction pathways to each of these products. Using this model, the kinetics of each route of reaction was quantified, and from this, the mechanisms and dynamics of the reactions can be understood. This work should aid in the astronomical detection of new molecular species in solar system ices as well as building up a comprehensive reaction model to describe the chemical inventory of ices on interstellar dust grains.
INTRODUCTION
In order to accurately model reactions and molecular abundances in various regions of interstellar space, the chemistry of the carbon monoxide molecule (CO) in these environments must be fully understood. Beginning with its gas phase detection by Wilson et al. (1970) in the Orion Nebula, the carbon monoxide molecule has been shown to be abundant in the gas phase of many distinct extraterrestrial environments and has been used to characterize the physical conditions such as temperature of interstellar dust clouds ( Hall et al. 1978) . Carbon monoxide has also been observed in the icy mantles of interstellar dust grains (Chiar et al. 1998) , the surfaces of comets ( Mumma et al. 2003) , and on such planetary bodies as Pluto (Grundy & Buie 2001) and Triton (Quirico et al. 1999 ), Neptune's largest moon.
In the solid phase, carbon monoxide is the second most abundant molecule that is condensed on dust grains in the interstellar medium (ISM), following the water molecule ( H 2 O; Whittet et al. 1983 Whittet et al. , 1985 Tielens et al. 1991) . Since its first tentative detection in W33A in the solid state by Soifer et al. (1979) and then the confirmation by Lacy et al. (1984) , solid carbon monoxide has been observed along several lines of sight in interstellar clouds including the Taurus molecular cloud (Whittet et al. 1985 (Whittet et al. , 1989 Chiar et al. 1995) , and the Serpens Dark Cloud (Chiar et al. 1994) , as well as other protostellar objects (Geballe 1986; Ehrenfreund et al. 1997a ). However, the solid state carbon monoxide abundance and distribution in different interstellar dust clouds is heavily dependent on the history (d 'Hendecourt et al. 1985) and present conditions of the cloud (Tielens & Allamandola 1987) . For example, the temperature of the cloud has a great effect on the ratio of carbon monoxide in the solid state versus the gas phase, which can range anywhere from very low amounts, <1% (Mithell et al. 1990) , or zero to upward of 40%-50% (Whittet et al. 1985; Chiar et al. 1998 ). When Lacy et al. (1984) first positively identified solid carbon monoxide in the interstellar medium by its 1 fundamental stretching vibration that is centered at 2140 cm
À1
, they also noticed a small shoulder located slightly lower in energy at 2135 cm
. Comparing the band shapes with laboratory work Palumbo & Strazzulla 1993; Elsila et al. 1997; Ehrenfreund et al. 1997b ) it became evident that carbon monoxide exists in two distinct grain types in the interstellar medium (Tielens et al. 1991; Chiar et al. 1994; Chiar et al. 1995) . The narrow feature at 2140 cm À1 is due to carbon monoxide in a matrix with apolar ices such as carbon dioxide (CO 2 ), molecular oxygen (O 2 ), molecular nitrogen (N 2 ), or other carbon monoxide molecules, while the broad 2135 cm À1 feature is indicative of carbon monoxide in polar ices (predominately water ice). As discussed by Chiar et al. (1994) , molecular clouds will have a higher abundance of carbon monoxide on grains if they are in colder regions where there is expected to be more CO depletion (more CO condensed from the gas phase onto the interstellar dust grains), in older clouds as modeled by Ehrenfreund et al. (1992) , or in clouds of greater density as modeled by Tielens & Allamandola (1987) . Typically, the amount of carbon monoxide in the solid state versus water in the solid state is around 0-30% (Chiar et al. 1995) . However, regions in the Serpens dark cloud (Chiar et al. 1994) , young stellar objects (YSOs) in the Corona Australis complex, along with other sources (Chiar et al. 1998) , show a much greater fraction of carbon monoxide ice, from 40%-60% relative to water ice. After cataloging a number of interstellar sources, Chiar et al. (1998) found that there exist three different types of interstellar dust clouds. The first group has a higher fraction of carbon monoxide in apolar ices with only a weak absorption for CO in polar ices and a total abundance of carbon monoxide compared to water (CO/ H 2 O ; 100%) of >25%. The second group usually has equal amounts of carbon monoxide on apolar and polar grains where the percentage of CO/H 2 O is 0-20%. The last group contains embedded objects where no carbon monoxide has been detected. It appears to have been sublimed by elevated temperatures. For some YSOs in group II (W33A, Mon R2 IRS 2, OphElias 29, Elias 32, WL5, WL12), the nonpolar interstellar dust grains can only be compositionally modeled using greater than 90% CO, meaning that there exist icy grains in some regions of the ISM containing almost pure carbon monoxide.
High abundances of carbon monoxide are also found in comets. Recent observations have shown carbon monoxide to have similar abundances relative to water as on typical grains of the interstellar medium (0-30%). Mumma et al. (2003) recorded the CO/H 2 O ratios for five comets and found the values to lie between 1%-17% relative to the abundance of water. In another observation (Feldman 1986 ), a ratio of 20%-30% was derived for comet West (1976 VI) .
Carbon monoxide has also been observed on the icy surfaces of Pluto (Grundy & Buie 2001) and Triton (Quirico et al. 1999 ), Neptune's largest moon. Although carbon monoxide makes up only 0.15% and 0.05% of their surfaces, respectively, their compositions could give insight to the makeup of other bodies of similar evolutionary history of the outer solar system like the Kuiper Belt objects ( KBOs). With surface temperatures of 40 K ( Tryka et al. 1994 ) and 38 K ( Tryka et al. 1993) for Pluto and Triton, respectively, the low abundance of carbon monoxide could be explained by its high vapor pressure at these temperatures. Also, the radiation environment that these bodies are exposed to in the solar system could destroy the carbon monoxide molecule, forming complex products such as carbon dioxide or methanol . However, even though a variety of ices are expected to be found on the KBOs, water is the only molecule that has been positively identified in the rather featureless spectra of the surfaces of these bodies (Cruikshank & Dalle Ore 2003) .
Nevertheless, carbon monoxide exists in a wide range of low-temperature astronomical environments, often times in high abundances. With the persistent radiation fields that exist throughout space, carbon monoxide can be chemically processed to ultimately yield new molecules. This radiation usually comes in the form of energetic ion irradiation or UV photolysis that can originate from a variety of radiation sources like magnetospheric radiation, solar/stellar radiation, or Galactic cosmic rays. Planetary bodies with a magnetic field (Earth and the outer gaseous planets) can trap ionized particles in an orbit within the magnetosphere (the torus). These particles can originate from captured solar wind ions or from the atmospheres or surfaces of bodies within the magnetosphere where neutral particles can subsequently be ionized. The density of ions orbiting within the magnetosphere is rather high, 0.1 ion cm À3 at Triton's orbit compared with a density of 0.005 ion cm À3 resulting from the solar wind (Johnson 1990 ). This predicts a much higher degree of radiation-induced chemistry for satellites that orbit within the radiation belt of a magnetosphere since the magnetospheric particles and solar wind particles are of similar energies (in the keV range). However, since this effect only initiates chemistry on bodies orbiting within a magnetosphere, it is dismissible for all regions related to carbon monoxide chemistry except for Triton. As an interesting aside, carbon monoxide is present on both Triton and Pluto yet only on Triton has carbon dioxide been detected. This could be due to a higher rate of carbon monoxide conversion to carbon dioxide, as illustrated by Loeffler et al. (2005) , with the greater amount of radiation Triton receives in the form of magnetospheric particle bombardment. Solar radiation is a very important for affecting chemistry within a solar system and for the astronauts that leave the protection of Earth's atmosphere. It is due to the continuous expansion of the solar corona and is composed of a photon flux as well as ions and electrons that make up the solar wind. The majority of the ions in the solar wind within our solar system are protons (96%), where helium nuclei (4%) and heavier atomic nuclei make up the balance. At the average orbiting distance of the Earth from the Sun, one astronomical unit (AU), the ion number density is 4.5 cm
À3
. However, treating the Sun as a point source, the intensity of the solar radiation drops with an r À2 dependence. It is still being investigated whether the solar radiation field plays an important role in radiation-induced chemistry of ices for bodies in the deep reaches of the outer solar system. (Yeghikjan & Kaiser 2005) .
The most important type of radiation for influencing chemistry in carbon monoxide ices is Galactic cosmic ray (GCR) bombardment. Cosmic rays permeate the Galaxy as a continual high-energy radiation source. They are thought to originate from remnants of supernova explosions that are accelerated to high energies by magnetic fields as they travel through the Galaxy. Like the solar wind, GCRs are composed of ions and electrons where the ions carry the majority of the energy (Simpson 1983) . Ions of Galactic cosmic rays are composed of 85% protons, 12% helium nuclei; the rest are heavy nuclei. The energy distribution maximum of these ions is much higher than for the solar wind, on the order of tens of MeV (Cooper et al. 2003) for GCR ions compared to one keV for the solar wind ions. There is also an internal photon flux associated with Galactic cosmic rays inside of molecular clouds (Sternberg et al. 1987; Cecchi-Pestellini & Aiello 1992) . Even though the intensity is high, the penetration depth of photons in an ice surface is on the order of less than tens of nanometers. Therefore, when considering solar induced chemistry inside the ices of cometary nuclei, Pluto or Triton, or chemistry within the surfaces of icy interstellar dust grains, only ion radiation effects need to be considered, where the penetration can be meters deep.
While there have been many experiments that investigated irradiation effects on carbon monoxide ices (x 4.1), there still has been no study that is complete in its analysis of the products; also, the dependence of the product distributions of important physical parameters like temperature, irradiation source (keV electrons and ions vs. photons), the kinetic energy and flux of the irradiating particles, and the chemical composition (neat carbon monoxide ices vs. mixtures) have not been studied systematically. The present paper is the first in a series to investigate the radiation-induced chemistry of carbon monoxide ices at distinct physico-chemical conditions. Here it is our intent to compile a more thorough list of products observed after irradiation with energetic electrons at 10 K and to understand the mechanisms and kinetics associated with reactions to the various products.
EXPERIMENTAL
The experiments were carried out in a contamination free ultrahigh vacuum (UHV) stainless steel chamber; see Figure 1 ( Bennett et al. 2004 ). The chamber can reach pressures down to 5 ; 10 À11 torr by use of a magnetically suspended turbo molecular pump (TMP) that is backed by a scroll pump. All pumps used are oil-free to ensure no hydrocarbon contaminants enter the system. Temperatures of 10 K are reached using a two-stage closed-cycle helium refrigerator that is interfaced directly to a polished single crystal silver mirror onto which the ices are condensed. The silver substrate is suspended by a differentially pumped rotatable feedthrough, which aligns the wafer in the center of the main chamber. Gas condensation is carried out at 10 K, where the pressure is regulated by a Balzers UDV 235 thermovalve that lets gas through the linear transfer mechanism and to the gas capillary array (GCA), which evenly disburses the gas. The GCA approaches to within 5 mm of the mirror during condensation.
For this experiment, carbon monoxide gas was condensed for 3 minutes at a pressure of 5:5 ; 10 À7 torr at 10 K. The unirradiated spectrum was recorded (Fig. 2 ) using a Nicolet 510 DX Fourier transform infrared spectrometer (FTIR). Band assignments are given in Table 1 . The spectrometer has a range of 6000-500 cm
À1
and operates in absorption-reflection-absorption mode with a reflection angle of 75 from the normal relative to the mirror surface. The infrared spectra of the ice were recorded online and in situ at an integrated time of 2.5 minutes and at a resolution of 2 cm
.
Column densities of the molecules were calculated according to Bennett et al. (2004) . The calculated column density of carbon monoxide was (2:28 AE 0:01) ; 10 18 molecules cm À2 . Using the column density, the molecular weight, 28 g mol
, and the density, 1.0288 g cm À3 (Jiang et al. 1975a) , the thickness for the carbon monoxide ice was calculated to be 1:03 AE 0:01 m.
The ice was irradiated isothermally with 5 keV electrons to simulate the irradiation effects resulting from cosmic ray ion bombardment of an extraterrestrial ice. In our experiment, the implanted electrons were found to have an average penetration of 530 nm in the ice. This result was calculated using the ''Monte Carlo simulation of electron trajectory in solids'' (CASINO) program. 4 This yields an average linear energy transfer ( LET) of 9:4 AE 0:4 keV m
, which has an equivalent linear energy transfer as a 3.5 MeV proton. As later discussed in x 4.1, 99.95% of the energy from a 3.5 MeV proton is transferred to the target molecules by electronic interaction, as is the energy from the electrons in our experiment. The electron beam was operated at a nominal current of 100 nA with an extraction efficiency of 78.8% and scanned over the sample area (3.0+0.4 cm 2 ) to avoid heating the ice. The sample was irradiated for 1 hr, which exposed the target to 1:8 ; 10 15 electrons; higher beam currents were avoided to eliminate overlapping electron trajectories and heating the ice surface (Bennett et al. 2004 ).
RESULTS

Qualitative Analysis
The analysis of the ice sample was carried out using the FTIR spectrometer. By comparing the peak positions in the spectra with published experimental and theoretical studies, the carrier to each absorption feature was assigned. A complete listing of the molecular species present at the end of 1 hr of irradiation time along with their observed vibrational frequencies and absorption coefficients is shown in Table 2 . The vibrational frequencies and the integrated absorption coefficients of various molecular species relevant to this work were calculated for comparison with literature values (Appendix A). It should be noted that there is a disparity between the theoretically calculated (gas phase) vibrational frequencies and the solid state values due to near-neighbor interactions within the ice of about 10%-20%. In comparison with known vibrational frequency assignments, a range of scaling factors of 0.93-0.97 was found to be appropriate in this investigation. This correction is acceptable for solid state vibrational frequencies as compared to the gas phase values calculated at the B3LYP/6-311G(d) level of theory.
Before irradiation, the only molecule present in the sample was carbon monoxide. Six absorptions were identified, the fundamental stretching peak ( 1 ) centered at 2136 cm
À1
, the fundamental plus lattice vibration combination band ( 1 + L ), 2208 cm À1 peak, the first overtone of the fundamental (2 1 ) at 4251 cm À1 , the 13 C peak of the CO fundamental ( 1 ) at 2091 cm
, and the C 18 O peak at 2088 cm
. One additional peak lies at 2112 cm
, which results from the vibrations of carbon monoxide molecules that are chemisorbed to the substrate. The CÀO bond is weakened due to a back-donating charge transfer from the silver substrate to the antibonding 2 Ã CO orbital resulting in a weaker energy of vibration (Froben et al. 1996) . After irradiating the carbon monoxide ice for 1 hr, a series of new peaks were observed in the infrared spectrum (Figs. 3, 4, 5, and 6) . In these figures, the infrared spectrum after irradiation (t ¼ 60 minutes) was compared with the pure carbon monoxide spectrum (t ¼ 0 minutes) for different spectral regions. A series of new carbon oxide species were identified in-
). The structures and bond lengths of these molecules are given in Figure 7 . Note that all species identified are the linear isomers.
The observed products can be generally broken up into three categories: the cummulene-like C n O species, the C n O 2 species, and the carbon-chain C n species. First, we will investigate the observed C n O molecules (n ¼ 2 7) that resulted from irradiation of the carbon monoxide ice. The 1 vibration of the dicarbon monoxide molecule (C 2 O) that was detected at 1988 cm À1 was observed to saturate at very low irradiation doses. This peak assignment corresponds well with our unscaled theoretically calculated frequency (2034 cm
) as well as that by Zengin et al. (1996; 2038 cm À1 ). It also falls within the matrix-dependent range of values reported by Jacox et al. (1965 Jacox et al. ( ) of 1978 Jacox et al. ( -1989 . There is also a less intense peak that is seen to the lower energy side of the 1988 cm À1 C 2 O peak at 1981 cm
. . These values compare well with the matrix isolation values reported by Brown et al. (1985a) , where our values are only a few wavenumbers higher resulting from a different matrix ice. The 2 feature of tricarbon monoxide was found to have an overlapping absorption with the tetracarbon monoxide (C 4 O) molecule as seen in Figure 5 . The 2 vibration of the C 4 O molecule was determined to be responsible for the 1919 cm À1 absorption, which matches the values that were experimentally found by Maier et al. (1988) and Trottier & Brooks (2004) . The pentacarbon monoxide (C 5 O) molecule was tentatively assigned to absorb at 2251 cm À1 in a water ice matrix by Dibben et al. (2000) . However, this absorption is unobserved in the current experiment because it overlaps with the very intense absorptions of C 3 O (2249 cm ). The only other experimental detection of C 5 O was in the microwave spectral region (Ogata et al. 1995) , and therefore, calculated values are necessary to compare with the infrared frequencies detected in this experiment. Two absorptions of C 5 O were observed including the 2 peak detected at 2106 cm À1 and the 3 peak at 1817 cm À1 . After the theoretically calculated values (Table 1) for C 5 O are scaled, there is good agreement with the observed frequencies. Other evidence that supports these assignments to C 5 O is the similar slow temporal developments of the 2106 and 1817 cm À1 bands suggesting that a single, high-order molecule is responsible for both absorption features. Also, the intensities of the bands are comparable owing to the fact that they are calculated to have similar absorption coefficients for C 5 O. A possible detection of C 6 O and/or C 7 O can be made based on an unassigned absorption at 2061 cm
. The most intense, unobscured vibrations of these molecules were calculated in this work to be 2146 and 2140 cm À1 , respectively, with IR intensities of 4:3 ; 10 17 and 3:7 ; 10 16 cm molecule À1 . After scaling these theoretical values, there is good agreement with the peak observed at 2061 cm À1 and the temporal evolution of the peak also seems in accordance with a higher order product; however, it is unclear whether the peak should be assigned to C 6 O and/or C 7 O.
Next, we will investigate the C n O 2 molecular species that were observed in this experiment (n ¼ 1, 3-5 . These values are in close agreement with the assignments given by Gerakines et al. (1995) . A band centered at 1273 cm À1 was also assigned to carbon dioxide. This weak feature results from a splitting of the nearly degenerate 1 and 2 2 bands; an effect called Fermi resonance. There exists similar orbital symmetry elements that are common to both vibrations and, therefore, mixing of these bands is forbidden by perturbation theory. This gives rise to two distortion frequencies, þ ¼ 1383 cm À1 and À ¼ 1276 cm
, as studied by Gale et al. (1985) and Falk (1987) . Both features were observed by our lab in previous experiments with carbon dioxide ice but only the lower energy band was observed in the current study. Carbon suboxide was easily identified, confirmed by at least nine absorptions. This includes assignments at 3070 cm Rienstra-Kiracofe et al. (2000) 1920 Ewing (1989) also assigned to carbon suboxide. A literature reference for this band could not be found, however, the temporal evolution of the band matches those of the known carbon suboxide absorptions, so it is suggested that the 2078 cm À1 ( 4 + 6 ) band also belongs to C 3 O 2 . The vibrational mode of this band was inferred from our calculated frequencies of the fundamental vibrations. The 2122 cm À1 band was assigned to the very intense 2 vibration of the C 4 O 2 molecule as previously found by Maier et al. (1990) at 2130 cm
. Using our vibrational frequency calculations, the next most intense vibration of C 4 O 2 was calculated to be 26 times weaker and would therefore be on the noise level of the experiment excluding any possibility of detection. The C 5 O 2 molecule was identified by the 2059 cm À1 feature, which exactly matches the 3 value reported by Maier et al. (1988) . As discussed later in x 4.8, a second band was found (2211 cm
, 2 ) in the infrared spectrum during the warm-up phase of the experiment when the more volatile molecules had sublimed leaving behind the higher order carbon oxide species. This confirms the identification of C 5 O 2 and the assignments compare well with the vibrational frequencies found by Maier et al. (1988) .
Finally, we will present the identifications of the pure carbonchain molecules observed (C n , n ¼ 3, 6) as a consequence of irradiation. The tricarbon (C 3 ) molecule was detected at 2019 cm
( 3 ), which is 10-20 cm À1 , lower in energy than previous experimental investigations have found, as indicated in Table 1 . When comparing the C 3 assignment found at 2028 cm À1 in the experiment by Gerakines et al. (1996) investigating UV irradiation on CO ice, the nearest absorption in the current experiment is the relatively intense 2019 cm À1 band. Even though the same matrix ice was used (carbon monoxide), a shift in the vibrational frequency can still take place due to a number of factors like condensation rate or substrate surface, which can affect the crystal structure of the carbon monoxide matrix, impurities, sample thickness, and sample temperature. Also, as mentioned in x 4.6, the 2019 cm À1 band exhibits kinetics that belong to a molecule that has a multistep synthesis, which should be expected for C 3 . Finally, an absorption feature that did not develop to a detectable intensity until almost two-thirds of the way through the 1 hr irradiation phase was the 1951 cm À1 band (x 4.6). The great amount of time before the band is observed indicates that the molecule responsible for this absorption is produced in a highorder multistep synthesis and/or by kinetically slow reactions. A comparison of the matrix isolation value of C 6 at 1952 cm À1 (Kranze & Graham 1993) matches the observed band position in the current experiment. However, there was no indication that C 4 or C 5 were present in the sample. Observation of these molecules is expected to precede C 6 because C 6 is a higher order product.
From frequency calculations by Hutter et al. (1994) , it appears the most intense C 4 absorption feature (1549 cm
) could be lost in the noise of the infrared spectra. On the other hand, the C 5 molecule has its most intense band (2169 cm
) obscured by the carbon monoxide fundamental and would only be observable by a lowintensity band near 1440 cm
. These considerations could explain the detection of C 6 without its two carbon-chain precursors.
Mass Balance
To check the consistency of our peak assignments, the total atomic carbon and oxygen abundances were compared at beginning and the end of irradiation to make sure that the mass balance was conserved. The balance should be maintained since the mass spectrometer detected no molecules leaving the sample during irradiation (x 3.3). Using the integrated absorption coefficients for representative peaks of each molecule, the column densities after the irradiation period were calculated and are presented in Table 3 (see Bennett et al. 2004 for sample calculation). Using the column densities of the new products observed after irradiation, the total carbon and oxygen atom abundances were calculated. For carbon, (1:07 AE 0:03) ; 10 16 atoms cm À2 were found in the products. For oxygen, (1:10 AE 0:01) ; 10 16 atoms cm
À2
were calculated in the products. However, it must be noted that we could not account for infrared inactive species such as dicarbon (C 2 ) molecules or the unreacted carbon atoms preserved in the cold matrix. Based on these considerations, we can conclude that within the error limits, the carbon-oxygen balance is preserved in the experiment, as expected. This also allows us to calculate the amount of carbon monoxide that was destroyed during irradiation. A direct measurement was not possible because of the well-known band-broadening effects that accompany carbon monoxide irradiation (Palumbo & Strazzulla 1993) and the change in the integrated absorption coefficients that are used to calculate column densities. Therefore, if (1:10 AE 0:01) ; 10 16 oxygen atoms present in the products all came from destroyed carbon monoxide, then (1:10 AE 0:01) ; 10 16 molecules of carbon monoxide would have been processed during irradiation. This means that 0:49 AE 0:01% of the carbon monoxide molecules were destroyed by the irradiation.
Quadrupole Mass Spectrometer Analysis
Molecules that were released into the gas phase were detected using a quadrupole mass spectrometer that was affixed directly to the main chamber. The mass spectrometer data were acquired for the duration of the experiment beginning 10 minutes before the start of irradiation, through the isothermal phase, and during the warm-up phase, until all of the molecules had either reacted to other species and/or sublimed into the gas phase to be detected.
During irradiation and for the 1 hr isothermal phase there were no molecules detected in the gas phase. This also demonstrates that the electron beam does not heat our sample surface; since our mass spectrometer is very sensitive to partial pressures as low as 10 À15 torr, which would in turn correlate to a temperature increase of the surface of an apolar ice such as methane and carbon monoxide of 0.5 K. Consequently, we can conclude that the irradiation does not induce heating of the ice surface. Not until the sample temperature was increased were the molecules able to sublime to be detected by the mass spectrometer. The first molecule to sublime was carbon monoxide, where the majority was detected between 26 and 42 K with a maximum signal at around 37 K ( Fig. 8 ). This correlated well with a decrease in solid state carbon monoxide as observed in the infrared spectra. The second molecule detected was carbon dioxide, which was observed to sublime between 67 and 90 K with a maximum at around 81 K in the mass spectrometer. Finally, mass-to-charge 68, corresponding to C 3 O 2 , sublimed at around 110 K. The increasing temperatures at which the peaks are observed, from 37 to 81 to 110 K, correlates nicely with the rising molecular weight of the subliming species. Note that during the warm-up phase, there were other masses observed in the mass spectrometer corresponding to neutral species like C, O, C 2 , O 2 , and C 2 O. However, the same experiment was repeated except that the radiation source was never turned on to serve as a blank control. It was determined that these species resulted from fragments of higher order products like carbon monoxide, carbon dioxide, and carbon suboxide and/or ion-molecule reactions in the ionizer of the mass spectrometer and that they were not irradiation products that had sublimed into the gas phase. Note that we were unable to observed species heavier than carbon suboxide in the gas phase. This indicates that the higher order species formed such as C 5 O 2 may be unstable to sublimation and may fragment or react with other species before being detected by the mass spectrometer.
DISCUSSION
Nuclear versus Electronic Energy Loss
We would like to elucidate briefly on the underlying physical effects since these considerations will help us not only to interpret our results, but also to compare our data with previous experimental investigations ( Table 4) . As a cosmic ray particle enters an icy body, the kinetic energy of the implant is being transferred to the target atoms. The energy transfer can be quantified in terms of the nuclear (S n ) and electronic (S e ) interaction potential. A variety of effects can take place (Kaiser 2002) . Considering the energy loss via the nuclear interaction potential, which is often expressed as a screened coulomb potential between the implant and the target atom, the ion passes on part of its kinetic energy to the atoms of the ice. If this energy transfer exceeds the binding energy of the atom, the chemical bond is broken. This generates so-called primary knock-on particles (PKOs; first generation of knock-on particles). The knock-on particles can transfer their energy in consecutive encounters to the target atoms resulting in a collision cascade of secondary, tertiary, and higher knock-on atoms. Moderated to about 1-10 eV-the so-called chemical energy range-these atoms can undergo nonequilibrium chemistry via insertion, abstraction, and addition to chemical bonds. As an order of magnitude, the nuclear energy transfer dominates at kinetic energies of the implanting ion of less than about 1 keV amu À1 . However, cosmic ray particles have energies larger than the high keV range. Therefore, these species interact via the electronic interaction potential with the target atoms. As a matter of fact, 10 MeV protons for a typical cosmic ray ion, 99.95% of the energy will be lost via the electronic potential of the carbon monoxide molecules (Fig. 9) . This result was calculated using the Stopping and Range of Ions in Matter (SRIM) program. For background Note.
-The values were calculated using the integrated absorption coefficients from Table 2 . Fig. 8. -After the irradiation and isothermal phases of the experiment, the ice sample was heated at a rate of 0.5 K minute À1 . The quadrupole mass spectrometer was able to detect carbon monoxide, carbon dioxide, and carbon suboxide in the gas phase. The carbon monoxide signal saturated between 31 and 41 K.
information on the theory of the SRIM program see Ziegler et al. (1985) . Here a 10 MeV proton will penetrate to a depth of about 1.4 mm in carbon monoxide ice, where a 100 MeV proton can penetrate to 84.7 mm (Fig. 9) . As the ion travels through the ice, the ''electronic energy transfer'' will lead to vibrational and electronic excitation as well as ionization of the target molecules. If a molecule is excited to a repulsive energy surface, simple bond ruptures can also occur producing species in either the ground or excited electronic state. Furthermore, these atoms have an excess kinetic energy (often a few eV) and are therefore not in thermal equilibrium with the surrounding 10 K target. Also, the electrons generated in the ionization process ( electron) can leave the molecule with energies up to a few keVand initiate further vibrational and/or electronic excitation of the target molecules. Through these mechanisms, molecules within an ice will be chemically modified as bond rupture processes and recombination of radicals form new products.
There have been a number of experimental investigations that have studied the chemistry of carbon monoxide ice induced by radiation ( Table 4) . Using heavy ion bombardment on a carbon monoxide ice surface at low temperatures, Haring et al. (1984;  6 keV Ar + ) and Chrisey et al. (1986; 30 keV Kr + ) observed new products resulting from irradiation including carbon dioxide (CO 2 ) and molecular oxygen (O 2 ), and a dark residue that was nonvolatile at room temperature, which was attributed to carbon suboxide (C 3 O 2 ) polymers as previously found by Baird (1972) . Using ultraviolet photolysis, Gerakines et al. (1996) irradiated carbon monoxide and observed CO 2 , C 2 O, C 3 , C 3 O, and C 3 O 2 as products. However, during warm-up, there was no sign of residue in the infrared spectrum, indicating that no carbon suboxide polymers had formed. This result is different from the aforementioned experiments of carbon monoxide irradiation but could be explained by different energy doses absorbed by the ice sample using UV photolysis versus ion bombardment (Gerakines et al. 2000; Gerakines & Moore 2001; Loeffler et al. 2005) and by a dominating nuclear interaction potential of the keV noble gas ions with the carbon monoxide sample, which can lead to the release of multiple free oxygen atoms by direct collisions of the implant with the carbon monoxide molecules. Also, photons interact only in single quantum processes and, hence, cannot generate collision cascades. Gerakines et al. (1996) showed that the dissociation of CO by photolysis follows a different mechanism than the nuclear energy transfer induced dissociation via ion bombardment. In photolysis a carbon monoxide molecule absorbs the radiation and is promoted to an electronically excited state (eq. [1]). The excited carbon monoxide molecule can react 3.5E20
Note.-A collection of references is given along with the irradiation conditions (fluxes and dosages were calculated from information given in the reference) and reported products or information resulting from the irradiation. with a second, neighboring carbon monoxide molecule, which is still in the electronic ground state, to produce the carbon dioxide molecule plus a carbon atom (Okabe 1978) :
As found in photochemical and theoretical studies of carbon monoxide, the 1 AE + ground state can be electronically excited by wavelengths as large as 1538 8 (8.07 eV) for the A 1 Å X 1 AE + transition or 2055 Å (6.04 eV) for the spin forbidden a 3 Å X 1 AE + transition (Cooper & Langhoff 1981; Cooper & Kirby 1987) . The latter dissociation pathway requires much less energy than the traditional direct dissociation mechanism or a predissociation mechanism as reported by van Dishoeck (1987) , which requires at least 11.1 eV ( Reddy et al. 2003) :
An important consequence of the dissociation via reaction (2) is that no oxygen atoms are produced during the irradiation, which should be an obvious effect when analyzing the products of the current experiment. Note that carbon dioxide was the only oxygenrich molecule observed in the Gerakines et al. (1996) photolysis experiment, which supports this conclusion. The dissociation pathway of carbon monoxide by reaction (2) was subsequently supported by Gerakines & Moore (2001) and Cottin et al. (2003) in their photolysis experiments.
The Reaction Model
We have developed a model that shows the reaction pathways taken to form the products during the irradiation of the carbon monoxide ice (Fig. 10 ). Using this model, the kinetics and mechanisms for the formation of the various products can be understood. This reaction model assumes the dissociation pathway of carbon monoxide via reaction (2). The most important consequence of this, as opposed to the direct dissociation mechanism (eq. [3]) is that no free oxygen atoms should be in the ice to undergo reaction. Based on the observed products (Table 2) , there is actually no evidence of oxygen reacting in the sample. Carbon dioxide was the only oxygen-rich molecule that was confirmed after irradiation to be formed via equation (2). As seen in previous experiments (Bennett et al. 2004; Gerakines & Moore 2001; Brucato et al. 1997) , if ground state carbon dioxide molecules and free oxygen atoms were present, the cyclic, C 2v symmetric, carbon trioxide isomer should be readily observed:
However, as Bennett et al. (2004) have pointed out, the oxygen atoms need to be either electronically excited or suprathermal (kinetically excited) to react. Otherwise, a barrier of approximately 145 kJ mol À1 exists that is insurmountable at the low temperatures of a cold molecular cloud and in this experiment. From the lack of detection of the cyclic carbon trioxide molecule, it is clear that electronically excited or suprathermal oxygen atoms are not produced during irradiation. This does not discount the presence of ground state oxygen atoms. However, the oxygen and ozone molecules, which were observed neither by mass spectrometry nor by FTIR spectroscopy, are produced by barrierless reactions of ground state oxygen atoms:
This is a similar reaction sequence as with carbon atoms to form the observed C 3 molecule (x 4.6). If oxygen atoms were present in the ice, ozone would also be expected to form, even if in only minor abundances. The nondetection of carbon trioxide, oxygen, and ozone is not evidence enough to state that no oxygen atoms are produced from the decomposition of carbon monoxide, but we can say that their abundance does not play a large role in the observed routes of reaction of the linear, carbonbearing molecules in the ice sample. Consequently, it seems safe to say that the dissociation of carbon monoxide follows a reaction route as previously shown in equation (2) and that oxygen atoms do not play a role in the reaction pathways to the observed products. Therefore, oxygen atoms are not included in the reaction model ( Fig. 10) .
Using this reaction model, we can begin to understand the kinetics and mechanisms associated with the reaction pathways. Throughout the irradiation phase of the experiment, molecules were observed to arise at different times and at different rates (see Fig. 11 ). For example, the 1988 cm À1 peak of C 2 O became observable and reached its equilibrium abundance almost immediately, whereas the assignment of C 6 at 1951 cm À1 was only detected after a long irradiation time. By plotting the column densities of each molecule versus irradiation time, the temporal evolution of the products can be identified. Note that the error bars associated with these data points were determined by integrating a featureless region of the infrared spectrum and then incorporating this noise level into the calculations for the column densities of each molecule. We can further fit the temporal evolutions with reaction rates. Hence, kinetic equations were derived according to the proposed reaction model (see Appendix B) . Then all equations were simultaneously fitted to the experimentally observed temporal evolution plots of column densities of the observed molecules versus time in order to obtain rate constants for the different reaction pathways. In the following sections, each product will be investigated to understand how it forms by using data from the kinetic fits and published energetics values.
g electronic ground state is important in a great variety of interstellar and planetary environments. It has been observed in large abundances on interstellar ice grains, in comets, and in the ices of many planets and satellites in the solar system Guertler et al. 1996; Ehrenfreund et al. 1997a; Buratti et al. 2005) . As seen in this experiment, carbon dioxide is produced from the irradiation of carbon monoxide at short times to yield a high column density of (3:71 AE 0:01) ; 10 15 molecules cm À2 after 60 minutes of irradiation. As mentioned in the introduction, the presence of carbon dioxide on Triton could be explained by this sort of radiation processing of carbon monoxide ice. It is assumed that Triton has a similar initial chemical inventory to that of Pluto because they were thought to have formed at similar distances from the Sun; however, carbon dioxide has not been detected on Pluto. This could be due to a difference in history of the bodies rather than initial chemical abundances. The radiation environment of Pluto is much weaker with no magnetospheric ion or electron bombardment as on Triton, so the ice would not be processed to the same degree explaining the nondetection of carbon dioxide on Pluto.
A graph of the temporal evolution of the column density of carbon dioxide was fitted with a pseudo-first-order kinetic equation as seen in Figure 12 . This assumes that the time it takes to electronically excite a carbon monoxide molecule (eq. [1]) is negligible and, hence, the rate constant is fast when compared to two carbon monoxide molecules reacting to form a carbon dioxide molecule plus a carbon atom (eq. [2]). The temporal dependence of the column density of carbon dioxide is then given by equation (7). The best-fit values were found to be a ¼ (5:8 AE 0:1) ; 10 15 molecules cm À2 and k 1 ¼ (2:96 AE 0:07) ; 10 À4 s À1 (Table 5) :
Note that a pseudo-first-order fit was used to describe the temporal evolution of the carbon dioxide column density. This assumes that carbon dioxide is not destroyed or does not react onward once produced. However, it must be recognized that free carbon atoms formed via equation (2) could subsequently react with carbon dioxide in the matrix. If carbon atoms are produced, they could add to one of the double bonds of carbon dioxide to produce the C 2 O 2 molecule. Mechanistically speaking, since the carbon atom has empty p-orbitals, it can act much like a Lewis acid and accepts -electrons from a double bond in the carbon dioxide molecule , and AE8 ; 10 13 molecules cm
À2
, respectively.
in a barrierless reaction. In a mechanism similar to that proposed for the formation of cyclic carbon trioxide ( Bennett et al. 2004 ). Using the absolute energies calculated for carbon dioxide and for the ground state carbon atom (Table 6 ), the reaction toward the ethylenedione molecule is calculated to be exoergic by 287.5 kJ mol À1 (Table 5) . However, the ethylenedione molecule has never been unequivocally observed in an experiment and is probably a very short-lived molecule that immediately dissociates to two carbon monoxide molecules:
The ground state of the ethylenedione molecule (X 3 AE À g ) is higher in energy than the two separated carbon monoxide 
Note.-The reactants and products are shown with their calculated rate constants, k, and reaction energies, Á R G. Notes.-Total energies (atomic units, 1 a:u: ¼ 2625:50 kJ mol À1 ) and zero-point energy corrections ZPE (kJ mol À1 ) of various species calculated at the CCSD( T)/cc-pvqz and the B3LYP/6-311G(d, p) levels of theory. The CCSD(T)/cc-pvqz values were used to calculate the energies of reactions presented in this paper.
a Calculated at the B3LYP/6-311G(d, p) level.
molecules. Our calculations show the energy to be strongly exoergic by 254.0 kJ mol À1 , while Talbi & Chandler (2000) calculated the difference to be 245.0 kJ mol À1 . Therefore, dissociation of ethylenedione from its ground state is dependent on whether there exists an efficient curve crossing from the triplet to the singlet surface and whether the barrier can be passed. This has been calculated to be the case by Schröder et al. (1998) , where the conical intersection point lies 13 kJ mol À1 above the triplet ground state of ethylenedione. The reaction sequence in equation (8) would show an efficient means of regenerating the carbon monoxide molecule from carbon dioxide. However, the current experimental setup cannot elucidate whether equation (8) is an important reaction pathway to destroy carbon dioxide. If it were, the carbon dioxide column density would need to be fitted with an A B C type consecutive reaction where carbon dioxide would be at position B, rather than a pseudofirst-order reaction (A B) as reported. Future studies are planned using isotopically labeled carbon monoxide to understand whether the carbon dioxide plus carbon atom reaction plays a significant role in this experiment.
Previously, there have been kinetic studies that investigated the reaction between ground state carbon atoms, generated by flash photolysis of carbon suboxide, and carbon dioxide at 300 K (Husain & Kirsch 1971; Husain & Young 1975) . However, with the high temperature and the low collision frequency of these experiments, the ethylenedione intermediate was not stabilized and immediately dissociated to two carbon monoxide molecules. An upper limit of the rate constant for this gas phase reaction was derived from these experiments to be 1:0 ; 10 À14 cm 3 molecules
. This shows that the carbon dioxide plus carbon atom reaction could occur, but it is still unclear that this pathway is important in our low-temperature, solid state system.
C n O Molecular Species
Although only C 2 O and C 3 O have been detected in interstellar space, the higher order members of the C n O series are also thought to have significant abundances (Adams et al. 1989 ). These molecules are linear in geometry with cummulene-like bonding, and their electronic structure alternates between closedshell (X 1 AE + ) for C n O, n ¼ odd, and open-shell (X 3 AE À ) for C n O, n ¼ even. This means that the species with an odd number of carbon atoms will be more stable and, hence, less reactive than their even numbered counterparts. Note that all C n O molecules (n 9) have been shown to have negative enthalpies of formation (Moazzen-Ahmadi & Zerbetto 1995).
The ketenylidene molecule, CCO(X 3 AE À ), was first detected in the gas phase of the cold molecular cloud TMC-1 (Ohishi et al. 1991) , although it was found to have a low fractional abundance relative to H 2 of only about 6 ; 10 À11 . As the first member in the C n O series of molecules beyond the abundant carbon monoxide molecule, understanding its production is important to identify the reaction processes that form the higher order species. Ohishi et al. (1991) reviewed probable formation processes of ketenylidene via ion-molecule reactions in the gas phase. However, in the solid state in our experiments, there has been no evidence of ions being produced and, so, the production of C 2 O must follow a different mechanism. As carbon atoms are produced by irradiation, they can react with the carbon monoxide molecules in the ice. There are two probable routes of reaction. First, the carbon atoms can add to the nonbonding electrons on the carbon of the carbon monoxide molecule. The second option is for the carbon atom to add to the carbon-oxygen triple bond to possibly Zengin et al. (1996) calculated this reaction, using C( 3 P), to be exothermic by 220 AE 20 kJ mol À1 using theoretically derived thermodynamic values, while our ab initio calculations give an exoergicity of 209.1 kJ mol À1 . Plotting the evolution of the column density of dicarbon monoxide through time, the abundance is seen to reach equilibrium within 10 minutes of radiation time and then remain essentially constant (see Fig. 13 ). A kinetic equation was obtained (see Appendix B) that takes into account the formation of C 2 O (k 2 ) as well as its destruction to C 3 O (k 3 ) and C 3 O 2 (k 6 ) as laid out in the reaction model (Fig. 10) . While the values of k 3 and k 6 will be reported as they pertain to the formation of their respective molecules, k 2 was calculated to be (3:5 AE 0:5) ; 10 À3 s À1 . The ketenylidene molecule has a high formation rate because of the barrierless and exoergic routes of formation between reactants of high abundances. However, the column density at the end of irradiation is only (9:2 AE 0:5) ; 10 13 molecules cm
À2
. This is a very low abundance for a molecule formed this early in the reaction sequence but can be explained by a high rate of destruction as would be expected with open-shell triplet species. Also, it is shown later that it is energetically very favorable for C 2 O to react onward to C 3 O or C 3 O 2 (xx 4.4.2 and 4.5.1).
Tricarbon monoxide was the first linear carbon-chain molecule containing oxygen that was observed in space. It was detected by Matthews et al. (1984) in the gas phase of the Taurus Molecular Cloud (TMC-1) using radio astronomy. Gas phase synthesis reactions forming C 3 O have been investigated by , and (g) AE2 ; 10 12 molecules cm
. Herbst et al. (1984) and by Brown et al. (1985b) ) at either the nonbonding electron pair of the carbon of the carbon monoxide or via addition to the carbon-oxygen triple bond followed by isomerization steps and ring opening:
Maclagan & Sudkeaw (1993) calculated the C 3 O molecule to lie 453.1 kJ mol À1 below the ground state reactants, where our calculations show the C 3 O molecule to be 365.7 kJ mol À1 below the separated reactants. They found that the reverse reaction is the lowest energy dissociation pathway of tricarbon monoxide. However, the dicarbon molecule was not observed in our experiment, making it impossible at present to report the kinetics of this pathway.
A second possible pathway is the reaction of a ketenylidene molecule with a carbon atom via
Here the carbon atom can add to the nonbonding electron pair of the carbon atom of the dicarbon monoxide molecule, or across the double bond of the dicarbon monoxide molecule followed by ring opening to form tricarbon monoxide, similar to the formation of dicarbon monoxide. If reaction proceeds with an electronically excited carbon atom ( 1 D), intersystem crossing would need to occur to form the product on the ground state singlet surface. Assuming ground state electronic configurations, this reaction is exoergic by 743.2 kJ mol À1 (691.7 kJ mol À1 as calculated from values in Maclagan & Sudkeaw 1993) . Comparing the energies of formation of C 3 O with the energy of formation of C 2 O, the tricarbon monoxide molecule is energetically favored, existing as a closed-shell singlet species, whereas dicarbon monoxide is an open-shell triplet species. This is to say that once C 2 O is formed, it should easily react onward to C 3 O provided there are available carbon atoms in the matrix. The rate constant (k 3 ) associated with the reaction in equation (11) was found to be (3:11 AE 0:08) ; 10 À6 s À1 after finding the best fit to the temporal development of the C 3 O column density (Fig. 12) . Comparing column densities after 60 minutes of irradiation, the tricarbon monoxide abundance is enhanced by nearly 7 times that of dicarbon monoxide. Ohishi et al. (1991) found this value to be about two along a line of sight in TMC-1 in the gas phase.
The C 4 O molecule has not been observed in interstellar space, but evident by its abundance of only 2 times less than C 2 O at the end of the irradiation phase of our experiment, a detectable amount is likely in TMC-1, where many other carbon-chain molecules have been observed. In accordance with the reaction model, the kinetics of the formation of C 4 O via a reaction between tricarbon monoxide and a carbon atom was investigated. As in the formation of C 2 O and C 3 O, a free carbon atom can either react at the nonbonding electron pair of the carbon atom or add across one of the double bonds of the C 3 O molecule followed by ring opening. The rate of formation of C 4 O gives insight to which mechanism predominates. Fitting the derived rate equation to the column density of C 4 O plotted over time ( Fig. 13) , the rate of formation (k 4 ) was found to be (2:5 AE 0:1) ; 10 À5 s
À1
. This value is greater than the rate of formation of C 3 O (k 3 ) by an order of magnitude. This is unexpected, since the tricarbon monoxide molecule is energetically more stable relative to its precursors than the C 4 O molecule. Our calculations show that the formation of C 4 O by ground state reactants in equation (12) is exoergic by 420.0 kJ mol À1 :
The C 4 O molecule also has a relatively low energy dissociation pathway of 78.9 kJ mol À1 to C 3 (X 1 AE þ g ) and CO(X 1 AE + ), assuming C 4 O can undergo intersystem crossing to dissociate on the singlet surface (42.3 kJ mol À1 , as calculated by Ewing 1989) . The fact that the rate of formation of C 4 O is faster than that for C 3 O, while not being consistent with energetics considerations, means that the justification must lie in the mechanism. The discrepancy can be rationalized if the major route of formation of the C n O species is by a carbon atom adding across a double bond of the C nÀ1 O molecule followed by a rearrangement or ring opening. A carbon atom adding to C 3 O to form C 4 O (eq. [12]) has a greater possible area of reaction because of the extra double bond than it does when reacting with C 2 O to form C 3 O (eq. [11]), i.e., the cone of acceptance of the C 3 O molecule is larger than the one from the C 2 O molecule. This translates to a higher rate of reaction. This mechanism would also be predicted to dominate over reaction at the nonbonding electron pair on the terminal carbon atom based on the greater cone of acceptance of -bonds. Using this logic, it would be assumed that the rate of formation of C 5 O (k 5 ) would be even greater than for C 4 O. This is in fact what is found.
With an odd number of carbon atoms, the C 5 O molecule is a closed-shell molecule that is relatively stable to dissociation. Botschwina et al. (1995) carried out a theoretical investigation of the molecule and found the lowest energy, spin-allowed dissociation channel (eq. [13]) to have an energy of 532 kJ mol À1 after zero-point correction, which closely agrees with the theoretical value found from our calculations of 537.6 kJ mol
As previously mentioned, the predominant formation route of C 5 O probably is the addition of a carbon atom to one of the double bonds of the C 4 O molecule, which then rearranges or ring opens to the linear C 5 O structure:
This reaction is calculated to be exoergic by 704.3 kJ mol À1 . After fitting the kinetic equation derived for the C 5 O molecule to the column density plot ( Fig. 13) , the rate of formation was best fitted to k 5 ¼ (7:00 AE 0:07) ; 10 À4 s À1 . The C 4 O molecule has a larger cone of acceptance where a carbon atom can attack (compared to C 2 O and C 3 O); therefore, the formation of C 5 O can proceed at a higher rate than for the formation of C 3 O or C 4 O. A comparison with the formation of C 2 O has been left out of this discussion because a carbon atom reacting with the double bond of a carbon monoxide molecule should be much faster compared to a carbon atom attacking a cummulene structure (Kaiser 2002) . Carbon monoxide has a high availability of reactive electron density around the carbon atom, so there are fewer geometrical considerations that an attacking carbon atom must consider. This is because the carbon monoxide molecule has a triple bond; thus, the electron density of the -orbitals extend around the entire molecule, allowing for a greater area where an attacking carbon atom can react. On the other hand, a carbon atom reacting with a cummulene molecule with a double bond has roughly half of the possible area to react per bond (only one bond). In cummulenes, -bonds alternate; two adjacent -bonds are always located in perpendicular planes, so it is more than one -bond, but, of course, spatial requirements for the attacking carbon are more stringent than in the case of CO, where atomic carbon can attack both the bonds. Once a carbon atom is produced during irradiation, there should immediately be a CO molecule in the correct orientation for reaction in the matrix, whereas with a higher order carbon oxide, the correct reaction geometry of the reactants is crucial. This is reflected by the very fast rate constant, k 2 , to form dicarbon monoxide (x 4.4.1). The next two reactions in the sequence of the formation of the C n O species would be to form C 6 O(X 3 AE À ) and then C 7 O(X 1 AE + ). However, as mentioned in x 3.1, assigning these molecules to the observed absorptions is ambiguous. Therefore, an investigation of the kinetics of these molecules was omitted in this discussion.
C n O 2 Molecular Species
The oxycummulenes are very interesting astrochemical molecules. Their ground state electronic configurations are similar to the C n O molecules, where an odd number of carbons give a singlet state (X 1 AE þ g ), while an even number of carbons give the triplet state (X 3 AE À g ). The simplest oxycummulene, carbon dioxide (x 4.3), is very stable and abundant in the interstellar medium. Even though higher order C n O 2 molecules are also expected to be stable and moderately abundant in the ISM, their symmetry prohibits gas phase detection via radio (rotational) spectroscopy, and there may not be sufficient amounts on grains to be observed in the solid state using infrared spectroscopy. However, as seen in x 4.8, grains that have been thermally processed may have an increased abundance of oxycummulenes relative to the host ice on the grain due to their low vapor pressure at these temperatures so that their detection would be more probable.
This molecule has been the subject of numerous investigations because of its suspected relevance to interstellar ices and comets. It has been intensely experimentally studied in the solid state using infrared spectroscopy-for example, Miller & Fateley (1964) and Hayden Smith & Leroi (1966) to name a few. More recently, carbon suboxide has been studied as a product of irradiated carbon monoxide ice (Gerakines & Moore 2001; Trottier & Brooks 2004 ). Although C 3 O 2 has not been observed in any extraterrestrial environments, its ease of production seen in these experiments indicates that carbon suboxide should be a relatively abundant interstellar molecule when high abundances of solid carbon monoxide are present. According to our reaction model, carbon suboxide would be produced by the highly reactive dicarbon monoxide molecule (X 3 AE À ) bonding with a carbon monoxide molecule (X 1 AE + ) in the ice matrix, accompanied by intersystem crossing:
Using energetics from Table 6 , this reaction was calculated to be exoergic by 346.4 kJ mol À1 . Fitting the temporal evolution of the column density of C 3 O 2 ( Fig. 12) to the derived kinetic equation from the reaction model, the rate constant for this route of reaction, k 6 , was found to be (4:0 AE 0:4) ; 10 À5 s À1 . However, this pathway, through the dicarbon monoxide intermediate, could not alone account for the observed abundance of carbon suboxide. Therefore, an additional pathway was added, as seen in the reaction model, in which a carbon atom will simultaneously react with two carbon monoxide molecules in a concerted reaction to form carbon suboxide:
This pathway is energetically favorable by 555.5 kJ mol À1 , where the rate constant, k 7 , was found to be (4 AE 1) ; 10 À5 s À1 .
With the alteration between singlet and triplet electronic ground states for different number of carbon atoms of the oxycummulene molecules, the C 4 O 2 molecule is found to be an open-shell species, existing on the triplet surface. As shown in the reaction model, there exist two primary routes of formation. The first pathway entails a reaction between tricarbon monoxide and carbon monoxide and would require intersystem crossing:
However, the reactants are two closed-shell, singlet species, which should have a barrier to react with each other. Also, the reactants exist only slightly higher than the product (12.7 kJ mol
À1
). These arguments seem to say that the pathway presented in equation (17) should not be a major formation pathway to C 4 O 2 at 10 K. In fact, this is what is calculated by simultaneously fitting the kinetic equations to the column densities of the molecular species in the reaction model. The rate constant, k 10 , was found to be zero, indicating that this pathway does not exist. The most probable mechanism for the formation of C 4 O 2 is then the addition of a carbon atom to a double bond on the carbon suboxide molecule to from a cyclic intermediate that can ring open to the linear C 4 O 2 structure:
This reaction is calculated to be exoergic by 409.5 kJ mol À1 and has a rate constant, k 8 , of (4:1 AE 0:1) ; 10 À4 s À1 when fitted to the temporal evolution of the column density of C 4 O 2 (Fig. 13) . A final possible pathway entails the reaction of two dicarbon monoxide molecules bonding to each other at their terminal carbon atoms followed by an intersystem crossing to the triplet surface. However, this pathway was not included in the model, and it is unclear if the C 2 O molecule builds up enough abundance to have a high probability of reacting with another C 2 O molecule to form C 4 O 2 before reacting with CO or a carbon atom.
The C 5 O 2 molecule is the longest carbon-chain oxycummulene that has been experimentally observed. It is a valid, astrophysically relevant molecule with its closed-shell ground electronic state. While there are many possible routes of formation for the C 5 O 2 molecule, two were investigated in this study. First, a carbon atom can add to one of the double bonds of the C 4 O 2 molecule to form C 5 O 2 in a mechanism similar to that from equation (18):
This pathway is calculated to be energetically very favorable with an exoergicity of 718.9 kJ mol À1 ; however, when the kinetics fits were made to the column density over time for C 5 O 2 ( Fig. 13) , the rate constant, k 9 , was calculated to be very small with a value of (4:8 AE 0:9) ; 10 À8 s À1 . Investigating the other pathway of the stepwise reaction sequence, we see that the open-shell C 4 O molecule could react with a carbon monoxide molecule to form C 5 O 2 :
The rate constant according to this pathway, k 11 , was fitted to be (5:0 AE 0:1) ; 10 À4 s À1 , where the energy of this reaction was calculated to be exoergic by 311.6 kJ mol À1 . However, it must be remembered, especially with higher order products like C 5 O 2 , that there most likely exist other reaction pathways to the observed products. A stepwise synthesis has been assumed for the formation of the molecules observed in this experiment, which should be kinetically accurate for simple molecules, but the formation of higher order products may also readily occur via recombination of lower order products. For example, C 5 O 2 could be produced in a reaction of C 2 O and C 3 O, which is energetically favorable by 522.4 kJ mol À1 . This is a limit in the current reaction model but due to the complexity and number of various routes of reaction, we cannot account for these pathways at present.
C n Species
Only two pure carbon-chain molecules were observed in this experiment. They are the linear tricarbon molecule (2019 cm À1 ) and the linear C 6 molecule (1951 cm
À1
). The C 3 molecule has a long history of investigation ( Weltner et al. 1964) . It has been observed in interstellar space (Maier et al. 2001) , comets (Rosen & Swings 1953; Rousselot et al. 2001) , and toward cool carbon stars ( McKellar 1948; Oka et al. 2003) , and it is also an important product in flames (Ramsay 1959) . Its formation route is seen in the reaction model, where a sequential process of carbon reactions would give tricarbon. According to a theoretical study by Raghavachari & Binkley (1987) , reaction energies for the process C þ C nÀ1 C n (n ¼ 2 10) are all exoergic. This means once carbon atoms are formed they should quickly react to C 3 and without an energy barrier. But since the abundances of dicarbon and the carbon atom are impossible to trace with the current experimental setup, a kinetics analysis of the column density plot of tricarbon (Fig. 13) would have little meaning. However, due to the delayed increase of the column density of tricarbon, it is apparent that the C 3 molecule is formed as a higher order product, which agrees with the two-step synthesis seen in the reaction model. Similarly, C 6 is an energetically favorable molecule to produce, according to Raghavachari & Binkley (1987) . The extremely late development of the 1951 cm À1 band (Fig. 13 ) indicates that the formation of C 6 indeed proceeds by a multistep reaction sequence as laid out in the reaction model. There are of course other formation routes-for example, the two closed-shell C 3 molecules bonding end on to form the linear C 6 molecule, or an open-shell reaction between a C 2 molecule and a C 4 molecule, both of which are energetically advantageous for stability considerations. The fact that there are a number of possible reaction pathways to C 6 , along with the nondetection of C, C 2 , C 4 , and C 5 , makes quantitative understanding the kinetics of the formation pathways to C 6 impossible at this stage.
Postirradiation Isothermal Phase
After the sample was irradiated for 60 minutes time, it was then kept at 10 K for another 60 minutes to check the stability of the molecules. Most species maintained a constant column density throughout this isothermal phase. However, the dicarbon monoxide molecule was found to be unstable under these conditions (Fig. 14) . The column density spontaneously decreased according to two possible routes of destruction. The first would be the lowest energy direct dissociation channel to a carbon atom and a carbon monoxide molecule. As shown in the energetics analysis of C 2 O, this would take at least 209.1 kJ mol
À1
, energy that is unavailable in an unirradiated, thermally equilibrated ice at 10 K. The other possibility is for the dicarbon monoxide molecule to react with a matrix carbon monoxide molecule to form carbon suboxide in a barrierless reaction that is exoergic by 346.4 kJ mol À1 (eq.
[15], x 4.5.1). This pathway is supported by a coincident increase in the column density of carbon suboxide during the isothermal phase (Fig. 14) . These values are quantified to (9:3 AE 0:5) ; 10 13 molecules cm À2 of C 2 O being destroyed compared to (2:8 AE 0:7) ; 10 14 molecules cm À2 of C 3 O 2 produced. These values are not equivalent, being only slightly outside of their error limits, but this still supports the importance of this pathway in the reaction model. The C 4 O molecule was also observed to decrease slightly during the steady state phase by (7:4 AE 0:8) ; 10 13 molecules cm À2 or about 14% of its total abundance. The destruction mechanism is most likely the same as for the other open-shell triplet carbon oxide molecule, C 2 O, but an increase in C 5 O 2 abundance could not be observed due to other bands obscuring the absorption feature. Therefore, we can conclude that the reaction of the open-shell C 2 O and C 4 O species with carbon monoxide has no entrance barrier.
Warm-up Phase
Following the 10 K isothermal phase in the absence of irradiation, the ice sample was warmed at a rate of 0.5 K minute À1 . When the sample had reached 17 K (8000 s on the experimental clock, where t ¼ 0 s is the start of irradiation) the abundances of several molecular species began to change. As shown in Figure 15 , the column density of tricarbon monoxide slowly decreased until around 31 K (t ¼ 9700 s) when the carbon monoxide matrix started to sublime. In this temperature range, the At the end of irradiation (3600 s.), the column density of C 2 O began to decline until it had reached essentially zero by the time the warm-up phase had begun (7200 s.), whereas the carbon suboxide column density concurrently increased during this time. The dicarbon monoxide column density has been multiplied by a factor of 10 for a better comparison with the increase in the C 3 O 2 column density.
C 3 O abundance decreased by (3 AE 1) ; 10 14 molecules cm À2 . This coincided with an increase in the column densities of C 4 O and C 5 O (Fig. 15) until the matrix sublimed above 31 K. Their abundances increased by (1:9 AE 0:8) ; 10 13 molecules cm À2 and (3:1 AE 0:6) ; 10 13 molecules cm
À2
, respectively. The decrease of C 3 O could be explained by reaction with carbon atoms, which become mobile at these higher temperatures to form C 4 O and then C 5 O. More evidence of reaction with carbon atoms is seen by a small increase of the C 4 O 2 column density [(4 AE 1) ; 10 12 molecules cm
] in the same temperature range (Fig. 15) . This increase could be due to carbon atoms reacting with the abundant carbon suboxide molecule as in equation (18). Unfortunately, a decrease in the carbon suboxide column density could not be confirmed because the amount destroyed would be within the error limits. However, it does seem that the carbon atom becomes mobile around 17 K and is observed to undergo barrierless reactions to form C 4 O, C 5 O, and C 4 O 2 .
As the sample was heated, the carbon monoxide ice matrix began to sublime at around 31 K. By 42 K, carbon monoxide and most of the other products from irradiation had either sublimed or reacted to thermally stable species. This is seen in Figure 16 , where the only observable molecules remaining in the infrared spectrum at 42 K are CO 2 , C 3 O 2 , and C 5 O 2 . The sublimation of carbon monoxide was confirmed by the quadrupole mass spectrometer (x 3.3) that detected CO in the gas phase from 26 until 42 K. By 100 K the infrared spectrum indicated no carbon dioxide remaining in the ice sample to leave only C 3 O 2 and C 5 O 2 (Fig. 17) . At this point another C 5 O 2 absorption band was identified at 2211 cm
À1
. This agrees with the matrix isolation value Maier et al. (1988) found of 2213 cm À1 for the 2 vibration. In the analysis of the mass spectrometer data, carbon dioxide was observed to sublime primarily at 81 K, but the CO 2 signal did not completely diminish until above 100 K. As mentioned earlier, thermally processed interstellar dust grains may be enriched in oxycummulene molecules relative to the host ice on the grain. This is seen in our experiment, where the ice is chemically processed by radiation and then warmed to drive off the more volatile species, like carbon monoxide. The carbon suboxide was stable until about 100 K when it was detected in the gas phase by the mass spectrometer and until 125 K when the signal diminished (Fig. 8) . This sublimation range is in agreement with Gerakines & Moore (2001) , who reported a temperature of 120 K.
Comparison with Previous Mechanistic Studies
To our knowledge, there has been only one study that attempts to unravel the mechanisms for the production of higher order molecules resulting from irradiation of a carbon monoxide ice sample. Trottier & Brooks (2004) used 2 MeV protons to irradiate a carbon monoxide ice at 5 K; they also followed the products by infrared spectroscopy. These authors observed a series of products including CO 2 , C 2 O, and C 3 O 2 as previously identified but also O 3 , C 4 O, C 5 O 2 , C 7 O 2 , and tentatively C 6 . The presence of these newly identified molecules is surprising if stepwise mechanisms are assumed and the intermediate products are stable. For example, one would expect C 3 O to be observed before the identification of C 4 O (see above). Another interesting point is the production of ozone without carbon trioxide. If oxygen atoms were present in the ice, with enough abundance to form ozone, it seems that carbon trioxide should readily form as well, as seen by Bennett et al. (2004) in carbon dioxide irradiation experiments. Comparing our observed species with those seen by Trottier & Brooks (2004) , there are a few noted differences. First, the peak that they had assigned to C 4 O centered at 1919 cm À1 was found in our experiment to be made up of two overlapping absorptions. One is the C 4 O peak at 1919 cm À1 and the other is at 1913 cm
À1
, which we attribute to C 3 O. Since the C 3 O molecule precedes C 4 O in a stepwise reaction sequence, its detection is expected before the C 4 O molecule, especially when considering the greater stability of C 3 O as reported in x 4.4.3. The other important difference between the Trottier & Brooks experiment when compared with the current work is that the 2106 cm À1 feature that was identified as the ozone molecule has been reassigned to C 5 O. Due to the limited range of the spectrometer used in the aforementioned experiment (4000-1900 cm À1 ), the most intense absorption of the ozone molecule at 1040 cm À1 was outside of their spectral window. The 1040 cm À1 peak is at least 10 times more intense than the 2106 cm À1 peak (Dyer et al. 1997 ); so our nondetection of the most intense absorption seems to preclude the presence of a detectable amount of ozone. The C 5 O molecule was further confirmed with detection of its 3 vibrational mode at 1817 cm
, as previously discussed. A few other reassignments were also made, for example attributing C 4 O 2 as the responsible molecule for the 2122 cm À1 absorption feature rather than C 7 O 2 , and the assignment of the 2019 cm À1 peak to C 3 .
ASTROPHYSICAL IMPLICATIONS
Solid state carbon monoxide is found in a variety of lowtemperature extraterrestrial environments. As seen in the present experiment, carbon monoxide had completely sublimed by 40 K, and so, the surfaces of Pluto (40 K) and Triton (38 K) mark the upper temperature limit to where carbon monoxide ice should be observed in the solid state. However, as comets intrude into the inner solar system, their surface temperatures routinely supersede this value, which would sublime the surface carbon monoxide ice. Yet there may still be subsurface CO that is trapped by overlying, less volatile species, like water or carbon dioxide. Also, in regions of dense molecular clouds, the temperature maintains a very cold 10 K and large abundances of carbon monoxide ice can exist. In each of these regions there exist radiation fields that can alter the chemical makeup of the ice through bond ruptures and the recombination of radicals. In our experiment, the bond rupture process of carbon monoxide was found to proceed through a recombination reaction between an electronically excited carbon monoxide molecule and a carbon monoxide molecule in the ground state. This is in agreement with the dissociation mechanism of carbon monoxide found in experiments using photolysis as a radiation source (Gerakines et al. 1996; Cottin et al. 2003) but not necessarily ion bombardment, which assumes predissociation or direct dissociation of carbon monoxide (Chrisey et al. 1986 ). After simulating interstellar radiation effects on the carbon monoxide ice, a series of new molecules were found, including C n species (n ¼ 3, 6), C n O species (n ¼ 2 5), and C n O 2 species (n ¼ 1, 3-5). This finding supports previous studies that indicate carbon oxide molecules should be produced in interstellar environments by radiation-induced chemistry of carbon monoxide (Adams et al. 1989; Trottier & Brooks 2004) . This is especially significant with respect to the chemical inventory in the ices of apolar grains of the ISM, since carbon monoxide is more likely to exist in a nearly pure form there. However, water is the most abundant molecule in the interstellar medium and will likely affect the chemical makeup of the grain. It is therefore important to investigate the hydrogenated forms of the molecules observed in this experiment. For example, the open-shell, triplet, carbon oxide species can react with mobile H atoms without barrier to form new products, whereas the closed-shell species are more stable as they would need suprathermal H atoms to overcome the barrier to addition. Many groups have previously studied irradiation effects on CO: H 2 O mixtures Sandford et al. 1988; Moore et al. 1991; Hudson & Moore 1999 and references therein; Watanabe et al. 2004 ) but the major products tend to have only one carbon atom, like HCO, H 2 CO, and CH 3 OH. It remains to be seen if the higher order oxycummulene species found in the current experiment are only produced from processing of pure carbon monoxide ice. Does the introduction of a minor amount of hydrogen atoms disrupt the reaction pathways to these products?
As seen in the warm-up phase of this experiment, interstellar dust grains formed in dense molecular clouds and then warmed as the nebulous material collapses into a young stellar object could have increased abundances of oxycummulenes on the grain. The detection of carbon suboxide would be more likely in these environments, or for a solar system analog, on the surfaces of comets that have been thermally processed by previous passes around the Sun. Finally, as discussed by Blanksby et al. (2005) , the C n O species have high electron affinities and may readily undergo radiative association in the interstellar medium once they have sublimed into the gas phase. Our study of the C n O formation pathways, along with this theoretical work on electron capture, may aid in the future detection of heterocummulene anionic species in the interstellar medium. In summary, in this paper we have used information about the temporal evolution of the abundances of products resulting from the irradiation of carbon monoxide ice to elucidate the reaction pathways as well as the mechanisms to form the different observed molecules in extraterrestrial environments. It is our hope that this study will not only help to identify locations where currently unobserved molecules could be detected, but also to understand how these molecules are formed. Only after we have understood the simple chemical pathways and mechanisms can we incorporate them into a collective reaction model and attempt to grasp the grandeur that is astrochemistry.
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APPENDIX A
Harmonic vibrational frequencies and their symmetries along with the absorption coefficients of the respective vibrations (see Table 7 ) have been optimized using the hybrid density functional B3LYP method ( Becke 1992; Lee et al. 1988 ) with the 6-311G ÃÃ basis set for various species relevant to this study. All calculations were carried out using the GAUSSIAN 98 program ( Frisch et al. 2001 ). The following rate equations were derived according the reaction model produced in Figure 9 and used for the kinetics analysis in this paper:
The following matrix was set up based on the preceding rate equations. The matrix was then solved for the concentration of each molecular specie through time using the inverse Laplacian transform method (Steinfeld et al. 1999 Note that carbon dioxide was solved independently assuming pseudo-first-order kinetics.
The integrated rate equations are presented below. These equations were best fitted to the temporal development of the column densities of the associated molecules. The rate constants were derived in units of s À1 :
½CO 2 (t) ¼ a½1 À exp (Àk 1 t);
